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The serological detection of antibodies against human papillomavirus (HPV) antigens is a useful tool to
determine exposure to genital HPV infection and in predicting the risk of infection persistence and associated
lesions. Enzyme-linked immunosorbent assays (ELISAs) are commonly used for seroepidemiological studies of
HPV infection but are not standardized. Intra- and interassay performance variation is difficult to control,
especially in cohort studies that require the testing of specimens over extended periods. We propose the use of
normalized absorbance ratios (NARs) as a standardization procedure to control for such variations and
minimize measurement error. We compared NAR and ELISA optical density (OD) values for the strength of
the correlation between serological results for paired visits 4 months apart and HPV-16 DNA positivity in
cervical specimens from a cohort investigation of 2,048 women tested with an ELISA using HPV-16 virus-like
particles. NARs were calculated by dividing the mean blank-subtracted (net) ODs by the equivalent values of
a control serum pool included in the same plate in triplicate, using different dilutions. Stronger correlations
were observed with NAR values than with net ODs at every dilution, with an overall reduction in nonexplained
regression variability of 39%. Using logistic regression, the ranges of odds ratios of HPV-16 DNA positivity
contrasting upper and lower quintiles at different dilutions and their averages were 4.73 to 5.47 for NARs and
2.78 to 3.28 for net ODs, with corresponding significant improvements in seroreactivity-risk trends across
quintiles when NARs were used. The NAR standardization is a simple procedure to reduce measurement error
in seroepidemiological studies of HPV infection.

Serological testing for circulating anti-human papillomavirus
(HPV) antibodies has potential clinical utility in measuring
cumulative exposure to HPV infection and as a marker of
HPV-associated disease, particularly for the anogenital tract
(10). Long-term persistent HPV infection tends to yield poly-
clonal immunoglobulin G (IgG) serological reactivity, which
can be measured by using enzyme-linked immunosorbent assay
(ELISA) techniques based on type-specific L1-only (7) or L1-
plus-L2 virus-like particles (VLPs) as antigens (8, 11). Sero-
logical testing for HPV antibodies cannot replace direct HPV
DNA measurements or cytological and histological examina-
tions of the target tissue, but it can serve as an adjunctive tool,
particularly in molecular epidemiology studies of the natural
history of HPV infection and cervical precancerous lesions (3,
16, 17, 19). Thus far, however, HPV serology has not been used
in the clinical setting because of a variety of technical and
biological limitations (8, 10). Although the specificity of HPV
VLP ELISA is reasonably adequate, at over 90%, its sensitivity
is relatively low (50% to 60%) (14).

Among the main technical issues that affect its clinical utility
are the lack of cross-laboratory standardization and reproduc-

ibility. Aside from continued improvements in assay design and
antigen preparation over the years, antibody measurement re-
lies on determining VLP ELISA optical density (OD) values
for serum samples and comparing them against suitable neg-
ative and positive controls to ascertain HPV seroreactivity. The
crude OD values generated by ELISA are prone to substantial
intra- and interassay variability that stems from day-to-day
variations in reagent batches, technical performance related to
pipetting, reagent preparation, instrument reading, and other
laboratory conditions, all of which contribute to measurement
errors in ascertaining seropositivity status based on predeter-
mined crude OD values.

Being mindful of the above-described issues and based on
our previous experience (9) and the experiences of others (6, 8,
13), we set out to standardize the VLP ELISA protocol that we
have used in our long-standing cohort study of HPV infection
and cervical neoplasia. We report herein our use of normalized
absorbance ratios (NARs) as a technical refinement to control
for the sources of variation that can affect the validity of sero-
reactivity in a study whose laboratory measurements spanned a
period of nearly 10 years.

MATERIALS AND METHODS

Study design. The Ludwig-McGill cohort study is a prospective, repeated-
measurements investigation of prognostic markers in the natural history of HPV
infection and cervical neoplasia. Detailed descriptions of the study design and
methods were previously reported (4, 12, 15). In brief, women attending a

* Corresponding author. Mailing address: Department of Oncology,
McGill University, 546 Pine Ave. West, Montreal QC H2W1S6, Can-
ada. Phone: (514) 398-6032. Fax: (514) 398-5002. E-mail: eduardo
.franco@mcgill.ca.

� Published ahead of print on 6 January 2010.

791



maternal and child health program in a low-income area of Sao Paulo, Brazil,
were enrolled between November 1993 and March 1997. A total of 2,528 women
in the age range of 18 to 60 years were enrolled in the study, for a response rate
of 70.4%. Follow-up visits were scheduled every 4 months in the first year and
twice yearly thereafter for up to 10 years. Ecto- and endocervical cell samples
were collected at each visit with the Accelon Biosampler (Medscand). Conven-
tional Pap smears were prepared for cervical cytology, and the remainder of the
samples was placed into tubes containing Tris-EDTA buffer (pH 7.4) for subse-
quent HPV DNA testing. Risk factor information was collected via question-
naire-based interviews at most visits. All subjects gave written informed consent,
and the protocol was approved by research ethics boards of all participating
institutions with renewal on an annual basis.

HPV DNA testing. DNA was extracted from cervical cell specimens, purified
by spin column chromatography, and tested for the presence of HPV DNA by
the MY09/11 and PGMY09/11 PCR protocols, which amplify a conserved 450-bp
segment in the L1 HPV gene (1, 5). Typing of amplified products was done by
dot blot hybridization with individual oligonucleotide probes and by restriction
fragment length polymorphism (RFLP) analysis, which permitted the individual
detection of more than 40 HPV genotypes, including HPV-16, whose results are
presented here. To verify the specificity of hybridizations, we included more than
30 positive controls of different HPV types for all membranes. To check for the
presence of host cell DNA in extracted specimens, we used an additional set of
primers (GH20 and PC04) that amplify a segment of the beta-globin gene (1).
Appropriate steps were taken to avoid specimen contamination (4).

HPV-16 serology. Serum samples were separated from the clotted blood spec-
imens and stored at �20°C until testing. A previously described ELISA tech-
nique was used for the semiquantitative measurement of IgG antibodies to
HPV-16 VLPs (8) constructed with both the L1 and L2 capsid proteins. Recom-
binant HPV-16 VLPs prepared with the baculovirus system (7) were kindly
provided by John Schiller, Laboratory of Cellular Oncology, U.S. National In-
stitutes of Health. Polystyrene ELISA microtiter plates were coated with 50-�l
aliquots of a preparation containing 2 mg of VLPs per 100 ml of phosphate-
buffered saline (PBS). Plates were incubated for 1.5 h at 37°C and then washed
three times by flooding with calcium- and magnesium-free PBS. Nonspecific
reactive sites in the wells were blocked for 2 h at room temperature with PBS
containing 0.5% skim milk and 0.1% newborn calf serum (PBS-MNCS) and then
washed as described above. Plates were incubated with serum samples diluted
1:10 and 1:50 in PBS-MNCS for 2.5 h at 37°C. Following repeated washings,
50-�l aliquots of a conveniently diluted (by prior block titration) peroxidase-
labeled anti-IgG conjugate were added to the wells, and the plates were incu-
bated for 1 h at room temperature. Following an additional washing cycle, a
chromogen-substrate mixture (0.1 mg/ml O-phenylenediamine and 0.003% hy-
drogen peroxide in 0.15 M PBS [pH 6.0]) was added to the wells to reveal the
bound enzyme. After 45 min, absorbances were read at 490 nm with a colori-
metric plate reader. Replicate blank wells that substituted PBS-MNCS for the
diluted serum samples were included in all plates and processed as described
above for all assay steps.

To control for the inter- and intra-assay variation in reactivity that is inherent
to immunoenzymatic techniques, we included a control human serum pool in
triplicate diluted in the same way as the specimens in every ELISA plate. A single
batch of this serum pool was prepared beforehand from dozens of blood bank
and normal clinical laboratory specimens from female adult donors at the AC
Camargo Hospital in Sao Paulo. This serum pool was aliquoted and kept frozen
at �20°C. An aliquot from this pool was thawed and processed in the same
manner as that used for all study serum samples included in each ELISA run.
The same serum pool was used throughout the study.

Data analysis. We used two different approaches to measure the reactivity of
each sample. First, we calculated the net mean OD value by subtracting the mean
blank OD from the mean of ODs for each sample by using values specific for
each ELISA plate. This was done separately for the 1:10 and 1:50 dilutions. In
the second approach, we computed normalized absorbance ratios (NARs) by
further correcting the net mean OD value for each sample and dilution by
dividing it by the equivalent mean result (blank corrected) from the serum pool
included in the same plate in triplicate. As a consequence, NARs represent
multiples of reactivity with respect to that of the serum pool, which presumably
reflects the average HPV-16 antibody response from multiple donors of compa-
rable ages. Both estimates (net ODs and NARs) were calculated for each dilu-
tion and as an average of the two dilutions, for a total of six values per sample.
All estimates of reactivity are interval-scaled variables.

Our statistical analysis approach was intended to assess whether the NAR
estimates provided a better expression of anti-HPV-16 seroreactivity than that
measured via net OD values under the assumption that by normalizing the net
absorbance, i.e., controlling for the within-plate reactivity of the serum pool, one

is able to largely eliminate the “composite” noise in the assays due to fluctuations
in reactivity caused by different batches of reagents (antigen, conjugate, and
chromogen-substrate mixture), polystyrene plates, biases due to drifting accuracy
and precision of pipetting, variations in washing efficiency, and other environ-
mental and technical factors that can vary over time. By determining the ratio of
the serological reactivity of each specimen to that of the serum pool from the
same plate, we aimed to correct for the net influence of these various reaction
parameters, thus largely reducing the effect of inter- and intra-assay variations.

Consistent with the procedures described above, we examined the distribution
of net ODs for the control serum pool included in all plates for all assay runs to
examine the extent of variation in reactivity of this control sample in the real-
world setting of a large epidemiological study that spanned several years. We also
examined the correlations between the seroreactivities of the serum samples at
enrollment (visit 1) and at the first follow-up visit (visit 2, 4 months later) using
each of the six estimates described above. Because of the skewness in distribu-
tions of OD and NAR values, we used log-transformed data to analyze correla-
tions. We computed both Spearman rank (�) and Pearson (r) correlation coef-
ficients.

Finally, we assessed the differences in performance between the two types of
expression of seroreactivity by examining (i) the agreement between the two
expressions of serological anti-HPV-16 IgG response categorized in distribution
quintiles of seroreactivity at enrollment and (ii) the association between positiv-
ity for HPV-16 DNA in the cervical sample and seroreactivity based on each of
the two methods, with values also categorized in quintiles for the six above-
mentioned interval-scaled variables. We computed kappa statistics to assess
agreement and odds ratios (ORs) and respective 95% confidence intervals (CIs)
using unconditional logistic regression to gauge the strength of the associations
between HPV-16 seroreactivity and HPV-16 DNA positivity.

RESULTS

Of the 2,528 women enrolled in the Ludwig-McGill cohort,
2,462 were eligible for follow-up. The sociodemographic char-
acteristics of the cohort were as follows: most women were
white (64.4%), the mean age was 32.7 years (median, 32; range,
18 to 59), 19% had attained an educational level beyond high
school (22.5% illiterate), and 81.7% were married or living
with a common-law partner.

Serological results with the complete HPV-16 L1-plus-L2
capsid antigen were available for 2,048 women and were in-
cluded in the analysis. For the analysis that compared results
for the enrollment (visit 1) and the 4-month follow-up return
(visit 2), there were 1,905 pairs of serum samples with evalu-
able results.

There was considerable variation in net OD values for the
control serum pool included in all plates and in all assay runs
(Fig. 1). This was evident for both dilutions (1:10 and 1:50).
Expectedly, the same influences that affected the net serore-
activity of the control serum pool would have also affected the
serological results for cohort participants. As shown in Fig. 2,
the NAR correction represents an improvement over the net
OD values, judging by the increased strength of the correlation
between the seroreactivity measured at the two initial visits, on
average 4 months apart. The improved correlation was evident
for both dilutions and for the average of the two dilutions, as
seen by the tighter distribution of data points using NAR than
for the net OD values, which is also reflected in the higher
Pearson and Spearman correlation coefficients for all three
combinations. The coefficients of determination (Pearson’s co-
efficients squared [R2], representing the extent of variation that
is explained by the underlying regression) were 0.389, 0.382,
and 0.385 for net ODs and 0.559, 0.577, and 0.624 for NAR
values at dilutions of 1:10 and 1:50 and the average of the two,
respectively. Using the average dilution as an example, the
proportional reduction in variability not explained by the un-
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derlying regression was thus [(1 – 0.385) � (1 – 0.624)]/(1 –
0.385) or 39% when NAR values were used.

Although NAR and net OD values were correlated with each
other at the respective dilutions, there was substantial deviation
from perfect agreement when seroreactivity was categorized by

distribution quintiles (Table 1). Perfect agreement was in the
range of 46.5% to 52.3%, with resulting kappa statistics of 0.3317
to 0.4043, indicating, at best, a fair agreement beyond chance. A
marked disagreement (2 or more quintile departures) occurred
for 8.1% to 13.5% of the samples (Table 1).

TABLE 1. Agreement between methods of expressing anti-HPV-16
serological reactivity at enrolment among 2048 women enrolled

in the Ludwig-McGill cohorta

Serum dilution NAR value
quintile

Frequency according to net OD
value quintile

1 2 3 4 5

1:10 1 306 88 15 0 0
2 85 185 113 27 0
3 13 98 148 121 29
4 3 29 97 157 124
5 1 11 38 103 257

1:50 1 262 110 30 7 0
2 90 147 126 45 2
3 43 80 132 128 27
4 15 54 84 144 112
5 1 14 39 88 268

Avg of both 1 297 85 27 0 0
2 90 177 107 36 0
3 14 101 145 123 27
4 8 38 92 172 99
5 0 9 39 81 281

a Results by serum dilution and frequencies based on distribution quintiles.
Agreement and kappa statistics by dilution are as follows: 51.4% and 0.3927 for
a 1:10 dilution, 46.5% and 0.3317 for a 1:50 dilution, and 52.3% and 0.4043 for
the average of both dilutions, respectively. Cells with perfect agreement are
shown in boldface type.

FIG. 1. Distribution of net optical density (OD) values (n � 310)
for anti-HPV-16 ELISA retroactivity results obtained with the control
serum pool for all assay runs in two dilutions: 1:10 (top) and 1:50
(bottom). The x axis indicates values for individual replicates in each
plate, and the y axis shows the proportion among all results.

FIG. 2. Correlation between anti-HPV-16 seroreactivities at baseline and at the first follow-up visit at 4 months (n � 1,905 pairs) using net OD
(top row) and NAR (bottom row) values. Each series of graphs shows correlations for 1:10 (A, OD; D, NAR) and 1:50 (B, OD; E, NAR) serum
dilutions and for the average of the two dilutions (C, OD; F, NAR). Log-transformed values were used to calculate correlation coefficients shown
below. Spearman rank and Pearson correlation coefficients for each graph are 0.7082 and 0.6239 (A), 0.6397 and 0.6184 (B), 0.6679 and 0.6207
(C), 0.7616 and 0.7475 (D), 0.7550 and 0.7596 (E), and 0.7877 and 0.7902 (F), respectively.
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The above-described analyses did not take into account
whether the apparent improvement in quantifying serological
reactivity via the NAR values translated into a greater validity
with respect to the correlation with the presence of HPV-16
infection in the cervix. Table 2 shows the latter associations for
all six combinations of methods for measuring seroreactivity
and serum dilutions. There were 57 HPV-16-positive subjects
at enrollment when we restricted the cohort to the 2,048 sub-
jects who had evaluable serological results. The strength of the
correlations with HPV-16 DNA detection was also increased
with the use of the NAR method for all combinations. There
was an improved risk stratification using NAR compared with
the net OD values both in terms of the risk gradient and in
terms of the consistency of the associations by quintile of
seroreactivity. The differences in regression slopes were statis-
tically significant for all 3 comparisons (Table 2) and favored
stronger dose-response trends for NAR values (range of
slopes, 0.746 to 0.915) than for net ODs (range of slopes, 0.564
to 0.602).

DISCUSSION

While many studies have employed ELISA techniques for
the detection of specific HPV antibodies in epidemiological
studies, only a few have focused on assay validation and opti-
mization (6, 8, 13). We expand on this topic by reporting the
advantages of using a control serum pool to derive NAR values
that control for the inherent variation in ELISA performance
in a molecular epidemiological study in which serological test-
ing was performed in many different runs over a period of
several months. The relevant classes of serum antibodies
against HPV capsids are IgG and IgA, as demonstrated by

their correlation with the presence of type-specific HPV DNA
(18). The IgA response is not long-lasting, as it correlates with
recent and lifetime sexual partners of younger women (18), but
it may help to predict the clearance of HPV infections (2). In
contrast, IgG is more representative of past exposures. We
demonstrated only the advantages of the NAR approach for
IgG antibodies, but it is plausible to assume that the simple
internal standardization procedure that we proposed would be
valid for serological studies of any class of antibodies or iso-
types of specific classes.

Because of its intrinsic property of correcting for the fluc-
tuations in ELISA seroreactivity readouts, NAR values repre-
sented a more valid measurement of serological reactivity to
anti-HPV-16 IgG antibodies than net OD values. We based
this conclusion on two sets of findings: (i) that NARs were
more strongly correlated for paired serum specimens taken 4
months apart than net ODs and (ii) that the strength and
dose-response of the relationship between seroreactivity and
the detection of cervical HPV-16 DNA were greater and more
evident with NARs than with net ODs. These findings were
reproduced irrespective of the serum dilution.

Although NAR values are arbitrary, unitless measurements,
they are internally standardized. As ratios, they represent a
multiple of seroreactivity with respect to the benchmark serum
pool. Whether or not the latter is composed of subjects free of
past HPV exposure is irrelevant. The precaution that we took
of including samples from female blood bank donors and sam-
ples from female outpatients with normal blood chemistries, all
taken from adult women, in the serum pool was intended
simply to obtain a standard that would perform in the middle
of the seroreactivity range that the HPV-16 capsid ELISA is
supposed to detect.

TABLE 2. Prevalences and odds ratios of cervical HPV-16 infection (as HPV-16 DNA positivity) at enrollment according to quintiles of anti-
HPV-16 serological reactivity among 2,048 women enrolled in the Ludwig-McGill cohorta

Serum dilution and
quintile of

seroreactivity

NAR value Net OD value

Cutoff value
No. of samples positive
for HPV-16 DNA/total

no. of samples (%)
OR (95% CI)b Cutoff value

No. of samples positive
for HPV-16 DNA/total

no. of samples (%)
OR (95% CI)b

1:10
1st 0.559 6/409 (1.5) 1.0 0.439 7/408 (1.7) 1.0
2nd 0.779 8/410 (2.0) 1.34 (0.46–3.89) 0.689 4/411 (1.0) 0.56 (0.16–1.94)
3rd 0.993 8/409 (2.0) 1.34 (0.46–3.90) 0.928 9/411 (2.2) 1.28 (0.47–3.47)
4th 1.310 8/410 (2.0) 1.34 (0.46–3.89) 1.205 18/408 (4.4) 2.64 (1.09–6.40)
5th �1.310 27/410 (6.6) 4.73 (1.93–11.59) �1.205 19/410 (4.6) 2.78 (1.16–6.69)

1:50
1st 0.530 5/409 (1.2) 1.0 0.189 7/411 (1.7) 1.0
2nd 0.744 8/410 (2.0) 1.61 (0.52–4.96) 0.296 7/405 (1.7) 1.02 (0.35–2.92)
3rd 1.008 9/410 (2.2) 1.81 (0.60–5.46) 0.419 4/411 (1.0) 0.57 (0.16–1.95)
4th 1.502 9/409 (2.2) 1.82 (0.60–5.48) 0.625 17/412 (4.1) 2.48 (1.02–6.06)
5th �1.502 26/410 (6.3) 5.47 (2.08–14.39) �0.625 22/409 (5.4) 3.28 (1.39–7.76)

Avg of bothc

1st 0.561 5/409 (1.2) 1.0 0.331 7/409 (1.7) 1.0
2nd 0.766 7/410 (1.7) 1.40 (0.44–4.46) 0.502 6/410 (1.5) 0.85 (0.23–2.99)
3rd 0.996 10/410 (2.4) 2.02 (0.68–5.96) 0.676 6/410 (1.5) 0.85 (0.23–2.99)
4th 1.428 10/409 (2.4) 2.03 (0.69–5.99) 0.895 16/412 (3.9) 2.19 (0.83–6.42)
5th �1.428 25/410 (6.1) 5.25 (1.99–13.84) �0.895 22/407 (5.4) 3.25 (1.33–9.06)

a Results by serum dilution and method of expressing seroreactivity.
b Odds ratios and 95% confidence intervals determined by unconditional logistic regression.
c Average NAR and average OD values calculated by taking the average of results at 1:10 and 1:50 dilutions.
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It had not been our intention to define a benchmark for no
past HPV exposure so that a threshold of seropositivity could
be defined. Deciding on whether or not a woman has been
exposed to HPV-16 would have required relying on the history
of sexual partners, testing for HPV-16 DNA in multiple mu-
cosal sites in addition to the cervix, and/or applying an age
restriction to minimize the opportunity for sexual exposure.
While none of these criteria, either alone or in combination,
would provide a guarantee of no past exposure, they would
introduce circularity in the definition of seroreactivity, because
our ultimate goal was to apply serology to study concurrent and
subsequent risks of HPV-16 infection and its associated lesions
in our cohort. Like net ODs, NARs represent a continuous,
interval-scaled variable that can be subsequently examined for
optimal cut points to define seroreactivity based on predeter-
mined statistical quantiles or via a correlation with viral and
clinical end points. This can be achieved by computing relative
risks or ORs or by constructing receiver operating character-
istic curves for preselected end points. Moreover, because they
are interval scaled, NAR values can be used quantitatively or
ordinally, with the advantage that the methodological “noise”
that happens in multiple assay runs has been corrected for.

There was considerable variation in net OD values for the
control serum pool at both dilutions. It could be argued that
one could circumvent the need for the NAR correction by
simply placing limits on the permissible range of net ODs
yielded by this serum pool and then rejecting assay runs in
which these limits had been exceeded. This precaution would
have the intended effect of controlling for fluctuations in re-
agent chemistry, technical skill, and instrumentation but would
have required the definition of what constitutes a permissible
range beforehand. Such a quality assurance indicator would
have to be defined arbitrarily, since accepted deviations in net
ODs are not available in the HPV serology literature and
would not be easy to harmonize across platforms because of
the diversity in the technical performance of VLP ELISAs.
Furthermore, in prospective cohort studies with multiple spec-
imens collected over time, such a quality assurance safeguard,
even if it could be implemented, would prove costly in the long
run. We believe that the internal standardization approach
that we described here, or any similar correcting maneuver,
provides the necessary quality assurance while obviating the
need for wasting reagent and technical time resources in re-
jected runs. The finding that the internal standardization used
to produce NAR values results in improved performance with
less measurement error can be seen in the magnitudes of the
association with viral end points and in the improved concor-
dance in seroreactivity between shortly spaced sampling visits.

The method that we describe contributes to reducing the fluc-
tuation in assay performance, which is beneficial for seroepide-
miological studies of natural immunity, postvaccination surveil-
lance, or the future risk of new or recurrent HPV infections and
associated cervical lesions. Although admittedly a technical im-
provement to assist HPV seroepidemiological studies, VLP serol-
ogy remains inadequate as a cervical cancer screening tool to
assist clinicians in patient management decisions.

In conclusion, as a prelude for conducting comprehensive
analyses of the serological data in the Ludwig-McGill cohort
study, we defined seroreactivity using a simple internally stan-
dardized approach. We believe that this method may be of use

in minimizing errors in measuring the humoral antibody re-
sponse to HPV capsids and may provide a cost-effective alter-
native to costly quality control safeguards that are required for
large epidemiological surveys or cohort studies.
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